Abstract A type-curve matching method is presented for the determination of aquifer parameters from water level observations in a finite confined aquifer and discharge measurements at a line sink where
INTRODUCTION
Solutions to one-dimensional nonsteady horizontal flow toward a line sink in various aquifer types (confined, unconfined or leaky aquifers, semi-infinite or finite in areal extent) are available in the literature. Various investigators have described type-curve matching methods for the determination of aquifer properties from observed water levels. Lohman (1972) described two drain functions and type-curves for nonsteady flow in a semi-infinite nonleaky aquifer under constant drawdown and constant discharge conditions. Solutions and type-curves for nonsteady flow in a leaky aquifer under constant drawdown and constant discharge conditions are given by Vandenberg (1977a Vandenberg ( ,b, 1978 and by Motz (1990a Motz ( ,b, 1991 . Gustafson (1977) , Sen (1986) and Motz (1992) also presented type-curve matching methods for various flow situations. Rorabough (1960) utilized observed water levels to estimate aquifer parameters Open for discussion until 1 December 1994 in a finite aquifer. He presented dimensionless graphs for drawdown vs. time and used it to determine aquifer diffusivity. A type-curve method for a constant drawdown condition at a drain in a finite aquifer may also be developed and is the subject of this paper.
THEORETICAL BACKGROUND
A definition sketch for a one-dimensional nonsteady flow towards a line sink under constant drawdown condition from a finite width aquifer is given in Fig. 1 . It is assumed that the aquifer is homogeneous and isotropic, and rests on a horizontal impermeable base. The thickness is constant. The discharging drain completely penetrates the aquifer. The aquifer is bounded above and below by impermeable strata. There is a perfect hydraulic connection between the drain and the aquifer. (The term "drain" is used in place of river, stream, canal, or surface reservoir to be consistent with the terminology of some previous authors (Lohman, 1972; Gustafson, 1977; Vandenberg, 1977a Vandenberg, , 1978 Motz, 1990a Motz, ,b, 1991 ). When there is a drawdown in the water stage it is a line sink while if there is a rise in the water stage it is a line source. The governing equation and related initial and boundary conditions (Pinder et al., 1969) in the notation of this paper are:
where s = drawdown, s 0 = drawdown at x = -a,x = distance from the line sink, t = time, v = T/S (hydraulic diffusivity) in which T = transmissivity, S = storage coefficient, and a = width of a finite strip aquifer along the xaxis.
The solution to this problem is available from the analogous problem in heat flow (Carslaw & Jaeger, 1978) and it may be written as:
where erfc = complementary error function, n = a positive integer. Equation (5) is used by Pinder et al. (1969) to determine aquifer diffusivity from aquifer response to fluctuations in river stage. Based on equation (5), similar to the case of nonsteady flow in a nonleaky semi-infinite aquifer (Lohman, 1972) and the case in a leaky semi- infinite aquifer (Motz, 1990b) , a drain function may be defined as:
D(u,x/a) h in equation (6) is called the drain function for one-dimensional nonsteady flow towards a line sink in a finite aquifer. The subscript h identifies the constant drawdown condition in the drain (Lohman, 1972) . Combining equations (5) and (6) yields:
A polynomial approximation for the complementary error function (Abramowitz & Stegun, 1972) appearing in equation (6) Fig. 2 as a type-curve family.
The time dependent discharge, Q, per unit length of the aquifer from both sides of the drain resulting from step drawdown in the drain stage at x = -a is (Carslaw & Jaeger, 1978; Rorabough, 1964) :
Equation (9) may also be written as (Carslaw & Jaeger, 1978; Rorabaugh, 1964) : For very small values of time, the exponentials in equation (9) may be replaced by zero, and then equation (9) becomes:
In equation (10), when t is sufficiently large, all terms in the series except the first become very small and may be neglected (Rorabough, 1964) and the equation may be written as: Equation (9) may be rearranged as:
where Q d is a dimensionless discharge, and Q d and w are defined by:
as:
Similarly, equations (11) and (12) may be written in dimensionless form
Values of Q d vs. w are plotted on double logarithmic paper in Fig. 3 . which indicates that when w 2 > 5 approximately, equations (13) and (16) give the same results which correspond to early times, t < a 2 /5v. Figure 3 also indicates that when w 2 < 5, equation (17) approximates very closely equation (13). This range corresponds to late times.
It is to be noted that when the time is small, such that the flow behaviour in the aquifer has not been influenced by the presence of the impervious
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boundary at x = 0, the discharge formula is the same as the one for the semiinfinite aquifer case (see, for example, Lohman, 1972) .
From equation (11) it is possible to determine the product TS but not from equations (9) or (10). Solving equation (11) (7), solving for S, yields:
Equation (12) may be solved explicitly for Tvia:
where the value of u 2 is given by match point coordinates (explained in the next section), and Q is obtained from the plot of observed Q vs. t, corresponding to the time coordinates of the match point.
'

Fig. 3 Dimensionless discharge vs. time for a constant drawdown case.
DETERMINATION OF AQUIFER PARAMETERS BY TYPE-CURVE METHOD
The procedure followed is basically similar to those described by Lohman (1972) and by Motz (1990b) .
Values of s vs. lit are plotted on double logarithmic paper of the same scale as Fig. 2 and matched If the selected match point corresponds to early time, the transmissivity and storage coefficient will be calculated using equations (19) and (20) respectively. If the match point corresponds to late time, the transmissivity is calculated using equation (21), whereas the storage coefficient is computed as in the case of early match point by using equation (20).
The discharge Q in equations (19) and (21) is time dependent and must be determined from the plot of observed values of Q vs. t, corresponding to the time obtained from the match point coordinates. After values of T and S are determined, a value of w, using equation (15), should be calculated using the value of t obtained from the match point. This checks whether the value of Q used in equations (19) and (21) was from a sufficiently early time (w 2 = a 2 /vt > 5) or from a sufficiently late time (w 2 < 5), and whether the use of equations (11) or (12) is justified. If this limit is not met, an earlier or later match point should be selected and the values of T and S redetermined.
EXAMPLE OF APPLICATION Determination of T and S
To illustrate the type-curve matching procedure, the values of drawdown and discharge obtained through simulation by using equations (8) and (9) are used. Discharge values are plotted on log-log paper (Fig.4) . The values of drawdown are also plotted as a function of lit on log-log paper with the same scale as the type curve which resulted in a data curve for drawdowns (Fig.5) . This latter is matched to the type-curve (Fig. 6) . The value of x/a for this observation well is 0.4. An early match point is selected. From (19) and (20), values of T = 497.55 m 2 day" 1 and S = 2.01 x 10" 4 are obtained. With these values, w 2 is calculated to be w 2 = 25, which is greater than 5, and therefore the use of equation (11) is justified. A second match point corresponding to a late time is selected (Fig. 7) . (21) and (20), values of T = 480.5 m 2 day" 1 and S = 1.93 x 10" 4 are obtained. The value of w 2 is 0.25, which is less than 5. Therefore, the use of equation (12) is justified.
Estimation of flowrate
In the previous section, using a type-curve matching technique, the procedure how to determine T and S was described as an aquifer identification problem, .
F%. 5 Drawdown vs. inverse of time (simulated values).
when observed values of s vs. t and Q vs. t are available. However, it is less likely that observed Q vs. t values are readily available, unless a specially designed canal test is performed, which is rather impractical. In fact, the estimation of flowrate to or from the aquifer, depending on whether there is a 
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rise or decline in the water level in the drain, is the main question as a prediction problem in many cases. When the value of either T or S is determined or estimated by another independent method, the procedure may still be used to determine the unknown aquifer parameter (i.e. S if T is known or T if 5" is known) by equation (7) (5) is applicable to one-dimensional nonsteady confined horizontal flow in a homogeneous isotropic strip aquifer which is bounded on one side by a drain where a step drawdown is imposed and on the other by an impermeable formation, it is also a good approximation for unconfined flow if changes in water levels are small in comparison with saturated thickness and delay yield is negligible (Cooper & Rorabaugh, 1963; Hall & Moench, 1972; Bear, 1979) . In the application of the method to unconfined flow, drawdown values should be corrected following Jacob (1944) , i.e. the observed drawdown s should be replaced by s' = s -£llh 0 , where s = observed drawdown, s' = corrected drawdown, and h 0 = initial saturated aquifer thickness.
If the drain does not penetrate the aquifer completely, and/or a semipervious stream bed is present, the proposed method is not applicable, as the solution given by equation (5) does not account for these features.
The type-curve matching procedure described in this paper requires not only observed drawdown vs. time data but also observed discharge vs. time data. In field applications, if only a very few discharge values are observed, the match point may be selected in such a way that the time obtained from match point coordinates is one of the times at which discharge measurement is made. This would eliminate any interpolation for the discharge value to be used in equations (19) and (21). It is to be noted that the constant drawdown condition in the drain is encountered not as frequently as the constant discharge condition, which limits the applicability of the method described here.
The method is developed mainly for a step drawdown in the drain. However, it is valid for a step rise in the water stage as well. In the channels of flood plains, or in irrigation canals when suitable control structures are available such that the changes in water level stage may reasonably be approximated by a step rise, and the flowrate per unit length of the channel can be measured, the proposed method may be used. For example, in alluvial areas of arid regions, weirs are constructed to enhance the rate of groundwater recharge. Lane & Zinn (1981) observed that, on most occasions, when a weir fills following a flood, the water level rises to the overflow level within a period of a few hours, and remains there for a period of several weeks. He concluded that this short filling period may be equated to an instantaneous filling. Consequently, to determine the aquifer diffusivity, Lane & Zinn (1981) used Rorabaugh's approach, which requires a step change in the water stage. With intermittently flowing streams, the water levels at the weirs gradually subsided over periods of weeks or months until eventually the storage areas went dry (Lane & Zinn, 1981) . When a new flood comes, the weir fills again to the overflow level within a period of a few hours. Henry & Palmer (1981) observed at one particular location in Callide Creek that the water stage increased approximately 5 m up to the overflow level within five days and remained constant for approximately 45 days (Henry & Palmer, 1981) . At a second point, they observed that the water stage increased approximately 3 m in four days, and remained constant for 46 days at this level (Henry & Palmer, 1981) . These observations may be accepted as adequate evidence that the water stage in the stream may be equated to a step rise without introducing much error, and when appropriate measurements of drawdown and discharge are done, the proposed method may be used.
If the stage hydrograph is of arbitrary shape, the method described cannot be applied. In such cases, for the identification of aquifer parameters, the method utilized by Pinder et al. (1969) , and by Hall & Moench (1972) , which makes use of the convolution equation in discrete form, must be applied, keeping in mind that this method is restricted to time invariant linear systems that are initially relaxed. Morel-Seytoux (1986) proposes a discrete kernel approach for this same identification problem, using a trial and error procedure or systematic techniques of mathematical programming.
